Abstract: Based on restricted interferences mechanism in a 1x2 MMI beam splitter, we theoretically investigate and experimentally demonstrate an ultra-compact MMI-based demultiplexer for the NIR/MIR wavelengths of 1.55 μm and 2 μm. The device is fabricated on 340 nm SOI platform, with a footprint of 293x6 μm 2 . It exhibits extremely low insertion losses of 0.14 dB and 1.2 dB at the wavelengths of 1.55 μm and 2 μm, respectively, with contrasts of approximately 20 dB for both wavelengths, and a cross-talk of 18.83 dB.
Introduction
Silicon photonics for near infrared (NIR) applications dates back to the 1980s [1] . In the last decade, intensive research has been conducted on the emerging silicon photonics for midinfrared (MIR) domain (2-20 μm) [2-9]. Long-wavelength optoelectronic devices on silicon are important for low cost and high levels of integration. Many sensing and detection applications will benefit from the compact devices, low cost and commercial scalability that will be enabled by a silicon photonics platform [7] .
In order to achieve full integration of the main building blocks of communication systems and lab-on-a-chip devices, passive components are of paramount importance. Therefore, they should be designed and developed. In the MIR spectral range from 2 μm to 5 μm, several devices have been proposed to perform different optical functionalities, such as MachZehnder interferometers [6] , multimode interference (MMI) couplers [10], arrayed waveguide de-multiplexers [11] , and angled MMI-based de-multiplexers [12] . Such devices have been developed using different platforms, depending on the targeted operating MIR wavelengths.
A particular interest is devoted to the wavelength of 2 μm to exploit the amplification capabilities of the direct diode-pumped monolithic thulium-doped fiber amplifier (TDFA) [13] , the low-loss and low latency potential of transmission systems based on hollow core photonic band gap fibers (HC-PBGF) [14] , and the high speed capabilities of silicon-based photodetectors [15, 16] . HC-PBGFs, with a minimum loss observed around 2 μm, offer a radical solution to increase transmission capacity per fiber, decrease fiber loss and nonlinearity, and reduce signal latency when compared to the state-of-the-art in the traditional [17] communication bands of 1.3 μm and 1.55 μm.
Wavelength division multiplexer (WDM) play a key role for demultiplexing 1.3 μm and 1.55 μm in optical telecommunication systems. Several works have been performed to design an MMI-based demultiplexer in order to split the two telecommunication wavelengths, using the restricted interference mechanism [18] [19] [20] [21] , or an inverse design algorithm [22] . To the best of our knowledge, there has not been any demonstration of such components for NIR/MIR wavelengths. Nevertheless this component could be an essential element in future optical telecommunication systems, such as fiber to the home (FTTH) system. Moreover, the emerging absorption spectrometers based on MIR pump / NIR probe configuration will need high efficient WDMs for NIR/MIR wavelengths [23] .
In this work, we present a new design for a compact guided-wave 1.55/2 μm wavelength division multiplexer based on multimode interference (MMI), using the restricted interference mechanism. Our choice of this structure and concept are based on their characteristics; including the compactness, wide optical bandwidth and high fabrication tolerances. The device has been simulated to optimize its dimensions, and subsequently fabricated using a 340 nm silicon-on-insulator (SOI) platform [10] . Finally, measurements have been performed to evaluate its optical performances. This device exhibits high capability of demultiplexing the NIR and MIR wavelengths of 1.55 μm and 2 μm with an extremely low insertion loss (approximately 1 dB) and high contrast (approximately 20 dB), with a footprint of 293x6 μm 2 . Furthermore, we demonstrate that such a component is able to work either as a demultiplexer or a multiplexer, depending on the optical mode input.
Operating principles and simulation
The operating principle of the MMI structure is based on the self-image effect [24] . This mechanism involves the excitation of multiple guided-modes in the multimode waveguide region in order to interfere constructively and produce a single image, or multiple images, of the launched optical mode. These images appear at periodic intervals along the propagation direction. However, if restrictions are placed on the modal excitations (the so-called "restricted interferences regime"), only certain modes in the multimode waveguide region will be excited. This leads to the occurrence of a direct or mirrored image of the launched optical mode. In order to achieve the restricted interference mechanism, the input/output of a 1x2 MMI coupler should be positioned at ± W MMI /6 with respect to the center of the MMI region (W MMI : MMI width). At this position, every third mode will not be excited, and the optical output image will appear at:
where L MMI is the MMI length, p is an integer, and L π is the beat length defined as:
where λ 0 is the wavelength, n eff is the effective refractive index, and W e (≈W MMI ) is the effective width, which can be approximated to the width of the MMI structure [24] Based on this mechanism, we propose a wavelength demultiplexer device using an MMI structure for the 1.55 μm and 2 μm wavelengths. The schematic view of the device is depicted in Fig. 1 . It consists of three parts: part one is the input waveguide (port 1), which is tapered from a single mode waveguide (@ 1.55 μm and 2 μm) to 1.3 μm and shifted from the MMI's center by 1.5 μm. Part two is the multimode region. In order to reduce the beat length of the MMI and avoid optical coupling between the two output-waveguides, we fixed the width to 6 μm. Part 3 is the output waveguides (ports 2 & 3), shifted from the center of the MMI by 1.5 μm, and tapered down from 1.3 μm to single-mode waveguide width.
The operating principle of this device is: when two wavelengths of 1.55 μm and 2 μm are launched in the input waveguide (port 1), they can be separated into port 2 and port 3 by forming a direct image for 2 μm wavelength at port 3, and a mirrored image for 1.55 μm at port 2. To achieve this behavior, the length of the MMI should satisfy Eq. (1) for both wavelengths, which leads to the following condition:
where p is an integer, q is an odd integer, and i L λ π is the beat length at the wavelength λ i . To determine the length of the MMI for which the separation of the two wavelengths is achieved, we performed some simulations using the Eigen-Mode Expansion (EME) solver from Lumerical [25] . Table 1 details the MMI parameters and their optimized dimensions. In the simulations, an optical mode (TE) is launched at port (1) and the transmitted power at the output ports is recorded as a function of the MMI's length. Figure 2 shows the results for both 1.55 μm and 2 μm. At 1.55 μm, it can be seen that the maximum and minimum transmission is achieved for an MMI length of 290-300 μm at port 2 and port 3, respectively (Fig. 2(a) ). For the same length (around 290-300 μm), the max/min transmission is obtained at ports 3/2 respectively for the wavelength of 2 μm (Fig. 2(b) ). As a result, a direct image of the launched mode is formed for the wavelength of 2 μm at port 3, which corresponds to the barstate, and a mirrored image is formed at port 2 for the wavelength of 1.55 μm, which corresponds to the cross-state. We should highlight that this length is not the only length that satisfies Eq. (3); however, it is the shortest. At each operating wavelength, the performance of this device can be evaluated in terms of insertion loss (IL) and contrast (C) by the following:
where P i ≠P j is the power at ports 2 and 3, and P 1 is the power at port 1 (input power). Figure   3 (a) and 3(b) show the simulated contrast and insertion loss as a function of MMI length in the range 282-294 μm. It can be seen that the contrast achieved is higher than 20 dB, and insertion losses are less than 1 dB for a wide range of lengths. The power intensity profiles are reported in Fig. 3 (c) and 3(d). It is clearly observed that the optical power is transmitted through port 2 for a wavelength of 1.55 μm, and port 3 for a wavelength of 2 μm, with an MMI length of 290 μm. 
Fabrication and characterization results
The fabrication of the MMI-based demultiplexer was carried out using an SOI substrate with a 2 μm-thick buried oxide (BOX), and 340 nm-thick silicon overlayer. Two fabrication steps were used to define the surface grating couplers and rib-waveguides with etch depths of 140 nm and 240 nm respectively. Separate grating couplers were designed to work at each wavelength (1.55 μm & 2 μm), with the same etch depth but different pitch. The use of grating coupling instead of butt coupling necessitated the need to replicate each device with a different input/output grating coupler at ports 1/2/3, in order to be able to characterize the device at both wavelengths. All lithography steps were carried out using ZEP A520 resist and a Vistec EBPG5200 e-beam lithography system. Silicon etching was performed using a mixture of SF 6 and C 4 F 8 gases in a deep reactive ion etching (DRIE) system. Following this etch, an oxide cladding layer of 200 nm was deposited using PECVD system. Figure 4 (a) shows a scanning electron microscope (SEM) image of the input/output grating couplers, and Fig. 4(b) shows an SEM image of the MMI's output. According to the simulations, the optimal length of the MMI is around 290 μm; hence, we included length variations in our design (from 285 μm to 293 μm) in order to study the changes in the optical output as a function of the MMI's length. The devices were characterized using a "Thorlabs" pigtailed FP laser diode for 2 μm wavelength, and a TunicsT100SHP laser for 1.55 μm wavelength. A linearly TE-polarized light beam from the polarization controller was coupled to the MMI's input through the surface grating coupler. After propagation through the device, the output power was coupled back into a fiber and sent to an extended InGaAs photodetector (it is able to measure both wavelengths).
The transmitted power was recorded as a function of the MMI length for both wavelengths (1.55 μm & 2 μm) and both output ports (port 2 & port 3). The recorded data was normalized to transmission waveguides of the same length as the MMI, but without the interference region. This normalization method is very useful to separate the device loss from the coupling loss due to the grating couplers, and other system losses such as fiber loss. In Fig. 5(a) , the transmission of the MMI as a function of MMI length is reported for both output ports at a wavelength of 2 μm. As predicted in our simulations, the power measured is higher in port 3 than port 2 because it corresponds to the bar-state (direct image of the launched field) for this wavelength. The insertion loss is less than 5 dB for all the fabricated MMI lengths, with an optimal length of 289 μm (insertion loss = 0.8 dB). At this length, the contrast is calculated to be 20.46 dB (blue dashed line in Fig. 5(a) ). The same behavior is observed in Fig. 5(b) , where the output power is recorded at the wavelength of 1.55 μm. In this case, the maximum transmission is observed at port 2, and the minimum transmission at port 3. Clearly, this configuration corresponds to the cross-state (mirrored image of the launched field) at 1.55 μm. At this wavelength, the lowest insertion loss of 0.14 dB is measured for a length of 293 μm, with a contrast of 19.83 dB. From these results, it is clear that the optimal length is not the same for both wavelengths. However, a trade-off between the IL/Contrast and the MMI length results in an optimal length of 293 μm. Here, the insertion losses are 0.14 dB and 1.2 dB at 1.55 μm and 2 μm, respectively, and the contrast is 19.83 dB and 19.42 dB at 1.55 μm and 2 μm, respectively. The cross-talk between the two wavelengths at this MMI length is 18.83 dB.
The normalized transmission spectra of different MMI lengths at 1.55 μm are shown in Fig. 5(c) . As it can be observed, there is a blue-shift (shift to the shorter wavelengths) of the transmission when the length of the MMI is increased. According to Eq. (2), the beat length L π (or L MMI ) is inversely proportional to the wavelength, therefore the optimal MMI length for shorter wavelengths is longer than one for longer wavelengths, hence the blue-shift of the spectra. Inset in Fig. 5 , we report the length of the MMI as a function of the wavelength where the maximum power is recorded (i.e. the minimum insertion loss). By combining Eq.
(2) and (3), we have fitted this data, and we can see that our calculation fits reasonably well the experimental data (with 95% of confidence bounds in Matlab).
In order to test the device as a multiplexer, we inverted the positions of the input to output, and by keeping the same coupling conditions we observed that the recorded power remains the same compared to the first configuration. Hence, this leads us to the conclusion that the device can work either as a demultiplexer or a multiplexer, depending on the propagation direction.
Conclusion
In summary, an MMI-based beam splitter demultiplexer is theoretically investigated and experimentally demonstrated. Based on restricted interference mechanism, we designed an ultra-compact device where both NIR (1.55 μm) and MIR (2 μm) wavelengths have been successfully separated. The 293 μm long device exhibits insertion losses of 0.14 dB and 1.2 dB at 1.55 μm and 2 μm, respectively, and a contrast of 19.83 dB and 19.42 dB at 1.55 μm and 2 μm, respectively. Furthermore, the cross-talk between the two wavelengths is 18.83 dB. As our proposed MMI-based demultiplexer can offer attractive features such as compactness, large fabrication tolerance, and CMOS compatibility, it can be a promising candidate for future silicon photonic transceivers.
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